The effect of pre-strain before hydrogen charging on the resistance to hydrogen embrittlement (HE) in the 316L austenitic stainless steel was investigated through the slow strain rate tensile test (SSRT), transmission electron microscopy, and thermal desorption analysis (TDA). The pre-strain suppressed mechanical twinning during the SSRT, regardless of hydrogen charging. However, it accelerated the ¾-martensitic transformation in hydrogen-charged specimens. The TDA revealed that whereas hydrogen atoms migrated from grain boundaries and dislocations mainly to the austenite (£)/¾ interfaces in pre-strained specimens during the SSRTs, they moved to the boundaries of fresh mechanical twins, which newly formed during the SSRTs, in the annealed specimen. The elongation loss by hydrogen charging became greater with increasing the pre-strain, indicating that pre-straining deteriorated the resistance to HE. This elongation loss by pre-strain resulted from both the increase in fraction of ¾-martensite with pre-strain and the segregation of hydrogen atoms to the £/¾ interfaces.
Introduction
The Al6061 alloy has been used as a cylinder liner for hydrogen storage of a hydrogen fuel-cell vehicle (HFCV) because of its light weight and high resistance to hydrogen embrittlement (HE). 13) However, the Al cylinder liner must be fully wrapped with strong carbon fiber reinforced plastic (CFRP) to endure the high pressure of the hydrogen gas. 2) Therefore, in recent high strength ferrous materials, particularly austenitic stainless steel, are being considered as an alternative liner for reducing the usage of expensive CFRP. The 316L austenitic stainless steel (STS 316L) 4) can be a candidate material due to the higher resistance to HE, compared to the 304L austenitic stainless steel (STS 304L). 57) When slow strain rate tensile tests (SSRTs) were performed with hydrogen-charged annealed austenitic stainless steels, STS 304L exhibited a brittle fracture due to the strain-induced ¾-or ¡A-martensitic transformation.
810) However, STS 316L had neither the martensitic transformation nor the transition in fracture mode from ductile to brittle. 5, 11) The effects of cold working on both the martensitic transformation and the resistance to HE in austenitic stainless steels have been also investigated. Unstable austenitic stainless steels, such as STS 301, 304, and 304L, underwent the strain-induced ¾-or ¡A-martensitic transformation during cold working for cylinder forming, 8, 10, 11) which deteriorated the resistance to HE after hydrogen charging. 8, 9 ) STS 316L did not undergo the ¾-or ¡A-martensitic transformation, but mechanical twinning during cold working. 6, 11) Mechanical twins also provide both nucleation sites for hydrogen-induced cracking at their intersections and propagation paths along their boundaries in high Mn austenitic steel. 12) Therefore, deformed STS 316L is expected to have the lower resistance to HE, compared to the annealed STS 316L.
However, the influence of cold working before hydrogen charging (hereafter, it is called pre-strain) on the resistance to HE in STS 316L is yet to be systematically investigated, although this study is inevitable to understand the effect of cold deformation for cylinder fabrication on the HE.
Therefore, the objective of the present study was to examine the effect of pre-strain on the resistance to HE in STS 316L through the SSRT and thermal desorption analysis (TDA).
Experimental Procedure
A plate of STS 316L with the chemical composition of Fe 17.5Cr11.5Ni4.6Mn2.2Mo0.008C (mass%) was used in the present study. The 4-mm thick plate was reheated at 1373 K for 30 min and hot-rolled at approximately 1273 K to 1.50, 1.67, and 2.15-mm plates, respectively. The hot-rolled plates were annealed at 1373 K for 20 min, followed by water quenching. In the present study, the pre-strain was controlled by the thickness reduction during the room-temperature cold rolling of annealed plates. The annealed plates were coldrolled to 1.50-mm thick sheets with different thickness reductions of 0% (as-annealed), 10%, and 30%. The mean grain size of annealed specimens before cold rolling was approximately 70 µm.
The cold-rolled specimens were mechanically polished and etched with a mixed solution of HCl 50 ml, HNO 3 25 ml, and H 2 O 25 ml to observe the microstructure using an optical microscope (OM, Olympus, BX41M). Changes in the microstructure by heat treatment, deformation, and hydrogen charging were investigated using an X-ray diffractometer (XRD, RIGAKU, D/MAX-RINT 2700) with a CuK¡ target ( = 0.15405 nm).
Tensile specimens with a gauge portion of 6.0 mm wide, 25.0 mm long, and 1.5 mm thick were machined from the cold-rolled sheets for the SSRTs. The tensile specimens were electrochemically charged with hydrogen in a 3% NaCl aqueous solution containing 0.3% NH 4 SCN with a current density of 50 A/m 2 for 48 h at room temperature. A platinum wire was used as a counter-electrode.
The SSRTs were conducted with hydrogen-charged and -uncharged tensile specimens at a crosshead speed of 0.1 mm/min, corresponding to an initial strain rate of 4.8 © 10
¹5 s ¹1 at room temperature using a servo hydraulic universal tensile testing machine (Instron, 3382). The elongation loss, which indicates the degree of the reduction in total elongation before and after hydrogen charging, was expressed by the following equation: Mechanical twins and ¾-martensite were observed using a field-emission transmission electron microscope (FE-TEM, JEOL, JEM-2000EX) operated at 200 kV. Thin foils for TEM observation were prepared by twin-jet polishing, which was performed at 288 K with an applied potential of 20 V in a mixed solution of 90% glacial acetic acid and 10% perchloric acid. TEM samples were taken at a depth of approximately 50 µm from the surface, where hydrogen atoms were concentrated, in the hydrogen-charged specimens after SSRTs.
The amounts of diffusible hydrogen in the hydrogencharged specimens were measured before and after the SSRTs through TDA during continuous heating from room temperature to 600 K at a constant rate of 100 K/h. The amount of hydrogen, which was released from a hydrogencharged specimen, was quantitatively analyzed at an interval of 5 min using helium as a carrier gas.
Results and Discussion
All STS 316L specimens before the SSRTs had an austenite single phase without ¾-or ¡A-martensite regardless of pre-strain and hydrogen charging, which was confirmed by XRD and OM analyses. However, mechanical twins were observed in pre-strained specimens and their amount was proportional to the pre-strain. This result shows good agreement with the previous result in which the density of twins was higher in the strain-hardened STS 316 specimen, compared to the annealed one.
11)
Figure 1(a) shows the engineering stressstrain curves measured during the SSRTs with both hydrogen-charged and -uncharged specimens, which were annealed and pre-strained with different thickness reductions. Independent of hydrogen charging, both yield and tensile strengths of the specimens were increased at the expense of total elongation with increasing the pre-strain. The increase in strength with prestrain was most likely due to the increase in densities of dislocations 13) and mechanical twins 14) introduced by prestrain before the SSRT.
Regarding the effect of hydrogen charging on tensile properties, whereas both yield and tensile strengths of the annealed specimen (0%) were almost unchanged before and after hydrogen charging, those of the pre-strained specimen were significantly increased by hydrogen charging. The total elongation was decreased in all specimens after hydrogen charging, regardless of the pre-strain. However, the elongation loss was increased from 14.8 to 54.6% with increasing the pre-strain from zero to 30%. This result indicates that the resistance to HE was deteriorated by pre-strain.
To investigate the cause for the variation in elongation with hydrogen charging in both annealed and pre-strained specimens, the XRD tests of fractured specimens after the SSRTs were conducted. The XRD tests showed that all hydrogenuncharged specimens had an austenite single phase without ¾-or ¡A-martensite, regardless of pre-straining. However, hydro- gen-charged specimens displayed ¾-martensite ( Fig. 1(b) ), whose volume fraction was increased with the pre-strain ( Fig. 1(c) ).
To confirm the hydrogen distributions of both annealed and pre-strained specimens, the surfaces of fractured tensile specimens were observed under a low magnification using a SEM (Fig. 2) . Whereas the edge part of the specimens showed the brittle fractured surface, the center part exhibited well-developed dimples, a feature of the ductile fractured surface. The reason why the edge part of the specimens showed the brittle fractured surface is because hydrogen was concentrated at the subsurface of specimens after electrochemical hydrogen charging. The area fraction of the brittle fractured region was increased with increasing the prestrain, as shown in Fig. 2(d) . The reason that the increase in elongation loss with increasing the pre-strain ( Fig. 1(a) ) was due to the easy transition of the fracture mode from ductile to brittle with pre-strain in the edge part of the specimen, where hydrogen atoms were enriched.
To investigate the effect of the pre-strain on the ¾-martensitic transformation during the SSRT in hydrogencharged specimens, the strain hardening behaviors of both annealed and pre-strained specimens were examined because extra-strain hardening is expected if the ¾-martensitic transformation occurs during the SSRT. Figure 3 The ln(d·/d¾) -ln · plots of both hydrogen-charged and -uncharged annealed specimens can be divided into five stages (A to E) based on the slope change ( Fig. 3(b) ). This variation in SHR in STS316L was similar to that in high Mn TWIP steels. According to previous studies on the strain hardening behaviors of TWIP steels, 17, 18) the SHR rapidly decreases at the early stage of plastic deformation due to the dynamic recovery of dislocations (stage A). The decrease in SHR is greatly slowed with further strain so that the SHR becomes almost constant owing to active primary mechanical twinning (stage B). The SHR is lowered again due to less active primary mechanical twinning (stage C), increased by active secondary mechanical twinning (stage D), and finally decreases with the formation of thicker twin bundles (stage E).
To confirm that the variation of the SHR in the annealed STS 316L specimen was caused by primary and secondary twinning like that in TWIP steels, the hydrogen-charged annealed specimen was tensile strained by 0.4, corresponding to the stage D in Fig. 3(b) , and then its microstructure was observed using a TEM. Both primary (TW1) and secondary twins (TW2) were simultaneously observed, as was expected. The thickness of mechanical twins was between approximately 5 and 30 nm, as shown in Fig. 4(a) . This result means that the SHR in the hydrogen-charged annealed STS 316L specimen was greatly dependent upon mechanical twinning like that in annealed TWIP steels. The 10% pre-strained specimen also exhibited five stages but with shortened stages B and D, regardless of hydrogen charging. It is noteworthy that the slope of stage D in the hydrogen-charged specimen was increased (Fig. 3(c) ). To examine the cause for the increase in slope at stage D, after the 10% pre-strained specimen was strained by 0.2, corresponding to the stage D, its microstructure was observed using the TEM.
Not only primary (TW1) and secondary twins (TW2) but also ¾-martensite plates were observed (Fig. 4(b) ). Accordingly, the increased slope at stage D in the 10% pre-strained specimen is thought to be due to the formation of ¾-martensite as well as mechanical twinning.
Meanwhile, the 30% pre-strained specimen without hydrogen charging revealed only three stages (A, C, and E), as shown in Fig. 3(d) . This implies that stages B and D were shortened with increasing the pre-strain. This result is probably because many mechanical twins and dislocations, which were already introduced by pre-strain, hindered the formation of additional mechanical twins during the SSRTs.
Regarding the 30% pre-strained and hydrogen-charged specimen, four stages (A, C, D, and E) appeared. The slope at stage D was increased due to the ¾-martensitic transformation (Fig. 3(d) ), which was similar to that in the hydrogencharged 10% pre-strained specimen (Fig. 3(c) ). From these results, we realized that the ¾-martensitic transformation occurred only in pre-strained and hydrogen-charged specimens during the SSRT and that primary mechanical twinning occurred prior to the ¾-martensitic transformation.
Therefore, to elucidate the interrelationship between the ¾-martensitic transformation, pre-strain, and hydrogen migration, the TDA was conducted using hydrogen-charged tensile specimens with different pre-strains before and after the SSRTs. Figure 5(a) shows the change in the hydrogen desorption rate with temperature in the hydrogen-charged specimens before the SSRTs. The hydrogen-charged annealed specimen exhibited only a peak (1st peak) between 275 and 475 K, which is well-known to form by the desorption of hydrogen atoms mainly from grain boundaries and dislocations. 19, 20) The size of the 1st peak was almost the same, regardless of the pre-strain. This indicates that dislocations on the specimen surface, which were introduced by pre-strain, did not accelerate the hydrogen permeation.
However, the hydrogen-charged pre-strained specimens showed not only the 1st peak but also another small peak (2nd peak) between 510 and 560 K. The 2nd peak is known to be generated by the detrapping of hydrogen atoms from the boundaries of mechanical twins.
19) The size of the 2nd peak was increased with pre-strain unlike that of the 1st peak, which was due to the fraction of mechanical twins increased by pre-strain. Fig. 3 (a) Strain hardening rate (d·/d¾) curves of annealed (0%) and pre-strained (10 and 30%) specimens. ln(d·/d¾) -ln · plots for the modified CrussardJaoul analysis of (b) annealed, (c) 10% pre-strained, and (d) 30% pre-strained specimens. All the data were generated using hydrogen-uncharged and -charged specimens.
The total amount of hydrogen released from the specimen, which was calculated from both the 1st and 2nd peaks, was 4.45, 4.68, and 5.12 mass ppm in the annealed, 10%, and 30% pre-strained specimens, respectively. This increase in total amount of hydrogen with pre-strain was caused by the size of the 2nd peak increased with pre-strain. Figure 5 (b) shows the change in the hydrogen desorption rate with temperature in the hydrogen-charged specimens, which were fractured after the SSRTs. Whereas the width of the 1st peak was broadened in all specimens, its height was decreased, compared to the counterparts measured before the SSRTs (Fig. 5(a) ). According to Chun et al., 2124) the activation energy (22 kJ/mol) for detrapping of hydrogen atoms from austenite (£)/¾ interfaces was lower than those from grain boundaries and dislocations (between 26 and 35 kJ/mol). 19, 25) Therefore, it is thought that the reason for peak broadening is probably due to the release of hydrogen atoms which were migrated to the £/¾ interfaces during the SSRTs. The peak broadening before and after the SSRTs was proportional to the amount of pre-strain, which shows good agreement with the increase in fraction of ¾-martensite with the pre-strain.
To separate the amount of hydrogen detrapped from the £/¾ interfaces from that of hydrogen desorpted from both grain boundaries and dislocations in tensile specimens fractured after the SSRTs, the 1st peaks between 275 and 460 K were fitted by the Gaussian function using the maximum temperatures of two different peaks (Figs. 5(c) to 5(e)). Whereas the peak drawn by the circle marker resulted from the desorption of hydrogen atoms from grain boundaries and dislocations, the peak drawn by the square marker was caused by detrapping of hydrogen atoms from the £/¾ interfaces. The areas of the two peaks were converted to the amounts of hydrogen, which are listed in Table 1 . The amount of hydrogen desorpted from the £/¾ interfaces more greatly increased with increasing the pre-strain, compared to that of hydrogen detrapped from grain boundaries and dislocations.
Meanwhile, the decrease in the height of the 1st peak can be explained by the migration of hydrogen atoms from grain boundaries and dislocations to both £/¾ interfaces and mechanical twins, which formed during the SSRTs. The migration of hydrogen atoms to £/¾ interfaces caused the broadening of the 1st peak and that to mechanical twins increased the size of the 2nd peak.
The size of the 2nd peak was increased with decreasing the pre-strain, which was completely opposite to the result obtained before the SSRTs (Fig. 5(a) ). This result can be explained as follows: When the pre-strain was large, hydrogen atoms migrated from grain boundaries and dislocations toward the £/¾ interfaces (that is, to the 1 st ¾ peak in Fig. 5(c) ). When the pre-strain was small, hydrogen atoms migrated mainly to mechanical twins (that is, to the 2nd peak), which newly formed during the SSRTs (hereafter, they are called fresh mechanical twins), not to mechanical twins introduced by pre-strain before hydrogen charging (hereafter, they are called pre-existing mechanical twins). The reason for the migration of hydrogen atoms to fresh mechanical twins is probably because the boundaries of fresh mechanical twins were hydrogen-free, whereas the boundaries of pre-existing mechanical twins were already hydrogenenriched.
Consequently, the reason why the elongation loss of the hydrogen-charged pre-strained specimens was great was because the ¾-martensitic transformation was accelerated in these specimens and hydrogen atoms migrated to the £/¾ interfaces during the SSRTs, resulting in the HE.
Conclusions
(1) The elongation loss became greater with increasing the Fig. 4 The bright-field TEM images and SAED patterns of (a) the annealed specimen strained by 0.4 and (b) the 10% pre-strained specimen strained by 0.2. The applied strain for each specimen corresponds to the stage D on the ln(d·/d¾) -ln · plot in Fig. 2 . Table 1 The hydrogen amount (ppm) converted from each peak on the hydrogen desorption rate curves (Figs. 4(c) to 4(e)) measured using annealed (0%) and pre-strained (10 and 30%) specimens after slow strain rate tensile tests.
(ppm)
Pre-strain pre-strain because the fraction of ¾-martensite was increased with pre-strain and hydrogen atoms were segregated to the £/¾ interfaces, leading to the hydrogen embrittlement. (2) The strain hardening rate curves of both hydrogenuncharged and -charged annealed specimens, which were measured during the slow strain rate tensile tests (SSRTs), were divided into five stages based on the mechanical twinning behavior without the ¾-martensitic transformation. The pre-strain made mechanical twinning during the SSRT less active, and instead accelerated the ¾-martensitic transformation. (3) The hydrogen-charged annealed specimen before the SSRT exhibited only a peak (1st peak) between 275 and 475 K by the desorption of hydrogen atoms from both grain boundaries and dislocations. However, hydrogencharged pre-strained specimens showed not only the 1st peak but also the 2nd peak between 510 and 560 K by the detrapping of hydrogen atoms from the boundaries of mechanical twins. The total amount of hydrogen stored inside the specimen was increased with pre-strain primarily due to the increased fraction of mechanical twins with pre-strain. (4) After hydrogen-charged annealed and pre-strained specimens underwent the SSRTs, the width of the 1st peak was broadened, compared to that measured before the SSRTs. The peak broadening before and after the SSRTs was proportional to the pre-strain. These results were caused by both the increase in fraction of ¾-martensite with pre-strain and the segregation of hydrogen atoms to the £/¾ interfaces. Meanwhile, the height of the 1st peak was decreased, compared to that measured before the SSRTs, due to the migration of hydrogen atoms from grain boundaries and dislocations to both £/¾ interfaces and the boundaries of fresh mechanical twins. (5) The size of the 2nd peak after SSRTs was increased with decreasing the pre-strain, which was completely opposite to the result obtained before the SSRTs. When the pre-strain was small, hydrogen atoms migrated from grain boundaries and dislocations to the boundaries of fresh mechanical twins. When the pre-strain was large, they moved mainly toward the £/¾ interfaces. 
